We demonstrate single electron addition to different strands of a carbon nanotube rope. Anticrossings of anomalous conductance peaks occur in quantum transport measurements through the parallel quantum dots forming on the individual strands. We determine the magnitude and the sign of the hybridization as well as the Coulomb interaction between the carbon nanotube quantum dots, finding that the bonding states dominate the transport. In a magnetic field the hybridization is shown to be selectively suppressed due to spin effects.
We demonstrate single electron addition to different strands of a carbon nanotube rope. Anticrossings of anomalous conductance peaks occur in quantum transport measurements through the parallel quantum dots forming on the individual strands. We determine the magnitude and the sign of the hybridization as well as the Coulomb interaction between the carbon nanotube quantum dots, finding that the bonding states dominate the transport. In a magnetic field the hybridization is shown to be selectively suppressed due to spin effects. Molecular electronics and spintronics aim at exploiting the chemical versatility of molecules to control charge and magnetism in nanoscale devices. However, the assembly of molecular structures in junctions for electric and magnetic manipulation is a challenging task [1] [2] [3] [4] . Carbon nanotubes (CNTs) are particularly promising as building blocks of new devices for nano-electronics [5] [6] [7] [8] , which exhibit interesting spin properties [9] [10] [11] [12] and can be useful for quantum information processing [13, 14] . Fundamental aspects of single-molecule devices require an understanding of strong perturbations by environmental effects, e. g., the interaction with contacts or neighboring molecules [15] . These interactions can, in principle, be studied on a single molecule level using scanning probe techniques as for instance scanning near-field optical microscopy [16] , tip-enhanced Raman spectroscopy [17, 18] or scanning tunneling spectroscopy (STS) [19] . However, in-situ characterization of actual devices, e. g., field-effect transistors, is difficult to implement and only STS can detect spin dependent phenomena.
As an alternative approach, one may exploit the differential electrostatic gating effect, which was found to occur for contacted CNTs filled with fullerenes [20] and for single molecules in nanojunctions [15] . In this respect, bundled CNTs are interesting: within a rope one expects the strands to be at a different potential and to respond differently to the external electric fields due to electrostatic effects [21] . Low-temperature transport spectroscopy is sensitive to these potential variations on the sub-meV scale, allowing the study of interactions between coupled nanoscale conductors.
In this Letter, we show that transport spectroscopy can resolve both charge addition to individual strands of a single CNT rope as well as the coupling between these strands caused by molecular interactions. We determine the hybridization and the electrostatic interaction between parallel quantum dots (QDs) forming on the different strands. We extract both the magnitude and sign of the hybridization and find that current transport occurs via the bonding states of the coupled QD system. Furthermore, by applying a magnetic field the electronic hybridization is selectively suppressed due to spin effects. This offers prospects for accessing individual charge and spin degrees of freedom in coupled carbon-based molecular systems. The CNTs of the reported device were grown on a Si/SiO 2 substrate by chemical vapor deposition at 920
• C using a Fe/Mo catalyst and methane as precursor [22] . At these temperatures the process results mainly in singlewalled CNTs and few double-walled CNTs [23] . Source and drain electrodes (5 nm Ti/60 nm Au) were patterned by electron beam lithography to form a quantum dot of length 360 nm with the highly doped Si substrate acting as back gate. The height profile of an atomic force micrograph of the QD region shows a CNT height of ∼7 nm evidencing that the device consists of a CNT rope rather arXiv:1011.4004v2 [cond-mat.mes-hall] 1 Aug 2011 than an individual tube.
At room temperature the device shows metallic behavior with a resistance of 290 kΩ. Low-temperature transport properties were measured in a dilution refrigerator at a base temperature of ∼30 mK. In the plot of the differential conductance (Fig. 1 ) Coulomb blockade in a QD is observed by the typical diamond shaped signatures together with excited states, which imply size quantization.
The diamonds close at zero bias voltage and are observed for a large range of the gate voltage (-2.4 V to +1.3 V), showing that a stable QD is formed in the rope. Although the diamonds vary in size, no regular pattern of shell-filling, like the fourfold pattern typical for individual single-walled CNTs [24] , is found. More importantly, two salient features are observed in Fig. 1 . First, additional conductance peaks appear within the region of Coulomb blockade. These secondary resonances exhibit a weak gate voltage dependence (small slope) and do not appear symmetrically at positive and negative bias voltage. Proceeding from one Coulomb diamond to the next, the positions of these resonances jump in voltage (dashed lines).
Second, anticrossings are observed whenever the secondary resonances meet with a main resonance of the Coulomb diamonds with the same slope. In the vicinity of these points the secondary resonances show an enhanced conductance. Inelastic co-tunneling [25] cannot explain the combination of these features considering excitations of only a single QD.
Instead, the data indicate that several coupled QDs are formed in the rope and contacted in parallel. In order to explain the findings above, we use the model [20] sketched in Fig. 2a . In this model, two QDs are contacted in parallel with a different gate coupling strength for the different dots. This leads to a dI/dV bias -diagram with Coulomb diamonds, which originate from a QD referred to as the main dot (indexed m) from here on. In addition, resonances with a smaller slope are seen as part of a second diamond pattern, which overlays the pattern of the main dot (see Fig. 2c ). These indicate a weakly gatecoupled side dot (indexed s) formed in a different CNT strand. Due to this differential gating effect, charges can be added selectively to the parallel QDs in the CNT rope. In contrast to serial double QDs [26] [27] [28] , transport is possible even if one of the dots is in Coulomb blockade. This enables a detailed spectroscopy of the hybridization between strands, which practically can be addressed only with a single tunable gate.
Standard master equations are used for transport calculations, accounting for the lowest order tunnel processes to the leads. The parallel double QD is described within a constant interaction model [29] , extended to account for a finite hybridization integral between manybody states of the two QDs. The electrochemical potential µ i ν for adding an electron to orbital ν on dot i = m, s depends on the initial many-body state of the system (i. e., before adding the electron) but always satisfies the proportionality relation:
where α i sc,dr,gt = C i sc,dr,gt /C i is the capacitive coupling strength of dot i to the source, drain and gate electrode and
gt is the capacitance of the system. The model also accounts for a capacitive coupling between the two QDs through the inter-dot charging energy U ms , which can be resolved using the differential gating. With each Coulomb diamond, proceeding in the positive V gate direction, the main dot is charged with an additional electron. This leads to a discrete change in the electrostatic potential on the side dot and thus to an energy offset in the stability diagram. If the hybridization were negligible compared to thermal and tunnel broadening, the conduction lines should show a crossing at the diamond edges, as observed for parallel contacted molecules by Osorio et al. [15] . On the other hand, if the hybridization amplitude t of the two orbitals is significant on the scale of the energy difference between the two orbitals, anticrossings of excitation lines should appear. At resonance, hybridized bonding |− and anti-bonding |+ states are generated, which are split in energy by 2|t| (see Fig. 2b ). Figure 2e shows that the calculations reproduce the experimentally observed features of the high resolution measurement in Fig. 2d very well, i. e. secondary resonances, which cross the Coulomb blocked regions and exhibit an anticrossing as well as an energy offset. The calculations exhibit only thermal broadening, while tunnel broadening is neglected. Also they include only one orbital for each dot. In the experiment, the presence of additional orbitals wash out the features at high negative bias voltage. In Fig. 2e , the bonding and anti-bonding states clearly contribute very differently to the conductance. This relates to the sign of t, as shown in the following. The hybridized eigenstates for a single electron in the coupled QD system are |+ = cos θ|m + sin θ|s
where |m and |s are the original states on the main dot and the side dot with the energies ± = ± (V bias , V gate ) taken relative to their resonance energy. The hybridized states depend on the applied voltages through θ, where tan θ = , and their corresponding eigenenergies are ± √ 2 + t 2 . This analysis can be extended to more electrons in the system. The rate for the tunneling of an electron from the leads into the |± state is proportional to the corresponding tunnel matrix elements T ± :
Here T m and T s are the matrix elements for tunneling into |m or |s , respectively, whose sign we take to be the same since the strands form a single junction. The sign of the hybridization t determines which tunneling rate (into the bonding or into the anti-bonding state) will be suppressed or enhanced. In Fig. 3a the left (right) panel shows a calculated anticrossing of two hybridizing states with a positive (negative) hybridization integral t, where a clearly enhanced anti-bonding (bonding) state is visible. In both cases, the conductance in the enhanced state exhibits an additional pronounced gate voltage dependence, which is characteristic for the hybridization. The interference effect at the anticrossing is due to an interference of two bound states, both connected to the leads (see Fig. 2a,b) , and is hence distinct from the Fano effect, where one bound state interferes with an unscattered wave. We find an enhanced current of the bonding state at the anticrossing in Fig. 3b . Thus, the CNT strands hybridize with a negative hybridization integral, i.e. the wave functions of the QD states overlap with the same sign. Modeling each anticrossing with a single side dot is valid, since we find no indication in the measurements for an interaction between the side dots and the data are reproduced very well. Due to a large source (drain) coupling only the negative (positive) slope of the secondary resonance for the two different dots can be observed. The magnitude of the anticrossing gap and the energy offset both depend on the bias coupling. By comparison with several model calculations we find α s sc,dr ≈ 0.7−1.0. Our estimates for t and U ms are thus upper bounds but with the right order of magnitude. Moreover, they compare favorably with the hybridization strength and inter-dot charging energy found for fullerenes hybridizing with a CNT in a peapod [20] .
In order to investigate a possible influence of the spin degrees of freedom on the hybridization within the rope, the transport spectrum was measured in an applied magnetic field. Compared to the measurements at B = 0 T, the transport through the main dot is strongly suppressed at B = 10 T (Fig. 4a) and the secondary resonances at positive bias voltage appear as the most prominent feature. Again, the anticrossings show an enhancement of the bonding state. The energy offset, hybridization integral, and gate coupling are the same as in zero field, evidencing that these resonances indeed originate from the same CNT strand as the ones at B = 0 T.
Furthermore, Fig. 4a shows additional resonances involving excited states of the side dot, which exhibit the same weak gate voltage dependence and anticrossings as the initial secondary resonances. Amidst these anticrossings a clear crossing (marked (1)) appears , when the chemical potential µ s for adding an electron to the ground state of the side dot is at resonance with the chemical potential of the main dot µ m for the ground state transition from N to N + 1 electrons. This crossing reveals that the resonant states of the coupled QD system containing in total N +1 electrons have different quantum numbers, most probably different spins, preventing the states from hybridizing. In Fig. 4b we present a model calculation which assumes a state on the side dot and an additional orbital state on the main dot. All of the states are spin split. The tunneling rates are adjusted according to the observation of an overall suppressed transport through the main dot.
The selective suppression of the hybridization at position (1) and the ground state transitions marked (2) and (3) which do hybridize are reproduced very well. Similarly, both the calculation and the measurement show that the transition involving excited states at position (6) also exhibits a crossing, in contrast to the anticrossing excitations at positions (4) and (5) . This is consistent with the crossing for the ground-state transition discussed above. Using gate and bias voltages, it is thus possible to select spin states, which do not hybridize.
In summary, we measured quantum transport through several parallel quantum dots, formed in different carbon nanotube strands within a rope. Using differential gating, we determined the magnitude and the sign of the electronic hybridization between the states of the coupled quantum dots and found that the transport is enhanced when electrons tunnel via the bonding states. In a magnetic field, the hybridization between these many-body states is found to be selectively suppressed by spin effects. We have thus shown that the molecular hybridization within a CNT rope can be detected and manipulated both by electric and magnetic fields. Such tunability of the hybridization is a key element in accessing localized charges and spins in coupled molecular systems, realized also in, e.g., graphene or single molecules.
We thank H. Schoeller and U. Schollwöck for fruitful discussions and S. Trellenkamp for e-beam writing, as well as S. Estévez Hernández, H. Kertz, H. Pfeifer, W. Harneit and J. Lauer for technical assistance. We acknowledge the DFG (FOR 912) and the EU under the FP7 STREP program SINGLE for funding.
